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	 Min	 Max	 Median	 n	 Min	 Max	 Median	 n	
2015	 1	 9	 4	 71	 12.1	 45	 31.2	 156	
2016	 1	 9	 4	 47	 12.2	 44	 32.4	 86	
2017	 1	 8	 4	 90	 10.2	 45	 31	 158	
















SS	 36.01	 0.720	 -0.078	 1976	 Hunt,	1977	
GoM	 56	 0.15	 N/A	 1992-2008	 Helser	and	Alade,	
2008	










SS	 37.88	 0.638	 -0.148	 1976	 Hunt,	1977	
GoM	 67	 0.14	 N/A	 1992-2008	 Helser	and	Alade,	
2008	
GB	 55	 0.21	 N/A	 1992-2008	 Helser	and	Alade,	
2008	
Combined	
GoM	 44.88	 0.345	 0.092	 1988-1992	 Helser,	1996	
NGB	 42.47	 0.399	 0.161	 1988-1992	 Helser,	1996	
SGB	 39.71	 0.425	 0.175	 1988-1992	 Helser,	1996	













ln(a)	 a	 b	 SE		(b)	 r2	 n	
2015	 -6.0394	 0.00238	 3.34477	 0.05117	 0.965	 156	
2016	 -6.1923	 0.00205	 3.37691	 0.05533	 0.978	 86	
2017	 -6.2021	 0.00203	 3.38048	 0.03878	 0.980	 158	
p		value	 <0.001	 	 0.85	 	 	 	
Between	
regions	
	 	 	 	 	 	
Gulf	of	St.	
Lawrence		
-6.1865	 0.00207	 3.38037	 0.02433	 0.980	 393	
Scotian	
Shelf	
-6.0310	 0.00240	 3.31544	 0.00760	 0.986	 2545	
p		value	 <0.0001	 	 <0.0001	 	 	 	
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Figure	3.1:	(A)	Annotated	silver	hake	otolith	illustration,	source	from	Brodeur’s	
Otolith	Guide	(https://www.nefsc.noaa.gov/fbp/oto-guide/).	The	sulcus	is	the	
depression	on	the	proximal	surface	of	the	otolith	that	runs	along	the	anterior-
posterior	axis.	The	collum	is	the	narrowing	of	the	sulcus	approximately	midway	
between	the	anterior	and	posterior	ends	and	indicates	the	otolith	core.	The	dashed	
red	line	marks	the	pencil	marking	and	the	axis	used	for	sectioning.	(B)	Annotated	
silver	hake	otolith	section	indicating	the	various	surfaces	and	internal	structures.	
(A)	
(B)	
Proximal	surface	
Distal	surface	
Collum	
Sulcus	
Dorsal	
Ventral	
Anterior	
Posterior	
Distal	surface	
Proximal	surface	
Ventral	 Dorsal	 Translucent	band	
Opaque	band	
Sulcus	
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Figure	3.2:	von	Bertalanffy	curve	fitted	to	individual	points	for	(A)	male	and	(B)	
female	silver	hake	within	the	Gulf	of	St.	Lawrence.	The	blue	dashed	lines	represent	
95%	confidence	intervals	calculated	via	the	bootstrap	method.	
	
	
(A)	
(B)	
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Figure	3.3:	von	Bertalanffy	curves	for	(A)	male	and	(B)	female	silver	hake	stocks	
from	four	different	parts	of	its	range.	
(A)	
(B)	
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Figure	3.4:	Linear	regressions	of	log-transformed	weights	against	log-transformed	
lengths	for	silver	hake	collected	during	the	2015-2017	Gulf	of	St.	Lawrence	surveys.	
Grey	areas	represent	the	95%	confidence	intervals	for	the	fitted	regressions.	
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Figure	3.5:	Linear	regressions	of	log-transformed	weights	against	log-transformed	
lengths	for	silver	hake	collected	during	the	2015-2017	Scotian	Shelf	and	Gulf	of	St.	
Lawrence	surveys.	Grey	areas	represent	the	95%	confidence	intervals	for	the	fitted	
regressions.	
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Figure	3.6:	Growth	trajectories	of	otolith	widths	for	silver	hake	of	the	Gulf	of	St.	
Lawrence.	Each	trajectory	represents	a	distinct	year	class,	and	error	bars	represent	
95%	confidence	intervals.	Filled	and	empty	circles	are	used	to	distinguish	between	
adjacent	year	classes.	
	
	
	
	
	
	
	 93	
4.	General	Discussion	
The	Gulf	of	St.	Lawrence	is	an	ecosystem	that	is	undergoing	rapid	change	in	
both	environmental	conditions	and	dynamics	(Stortini	et	al.,	2016;	Galbraith	et	al.,	
2018).	The	recent	emergence	of	silver	hake	in	the	Gulf	of	St.	Lawrence	is	a	significant	
trend	that	is	likely	driven	by	fluctuations	in	environmental	conditions;	however	the	
ecological	impact	of	this	trend	is	unknown.	Sorte	et	al.	(2010)	suggest	that	impacts	
from	these	range	expansions	could	have	effects	on	marine	ecosystems	at	a	
magnitude	similar	to	that	of	biological	invasions.	My	research	attempted	to	
characterize	silver	hake’s	biology	in	the	Gulf	region	such	that	it	can	provide	some	
answers	of	their	potential	impacts	here.		
In	my	second	chapter,	I	identified	silver	hake’s	main	prey	within	the	Gulf	of	
St.	Lawrence,	which	were	composed	primarily	of	demersal	species	such	as	shrimp,	
sandlance,	and	euphausiids.	Characterizing	the	diet	of	a	species	is	important;	
predation	and	competition	interactions	are	some	of	the	major	avenues	through	
which	a	species	can	influence	an	ecosystem.	Diets	in	marine	fishes	are	highly	related	
to	prey	availability,	which	varies	spatially	and	temporally,	meaning	that	diet	
information	gathered	from	different	regions	at	different	times	are	likely	not	
interchangeable.	For	example,	the	two	latest	analyses	of	silver	hake	diets	on	the	
nearby	Scotian	Shelf	from	2008	and	1986	(Waldron,	1992;	Cook	and	Bundy,	2010)	
differ,	where	Cook	and	Bundy	(2010)	reported	major	contributions	from	Clupeids	
that	were	not	observed	in	Waldron’s	(1992)	report.	Thus,	my	results	provide	recent	
and	relevant	diet	information	for	hake	in	the	Gulf	region.	I	found	that	silver	hake	in	
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the	Gulf	preyed	heavily	on	invertebrates	such	as	euphausiids	and	pandalid	shrimp,	
with	some	finfish	contributions	from	capelin	and	sandlance.	These	results	were	
similar	to	diets	reported	in	southern	Newfoundland	(Rockwood,	2016)	and	the	
Scotian	Shelf	(Waldron,	1992),	although	no	cannibalism	was	observed	in	Gulf	hake.	
I	also	identified	high	levels	of	co-occurrence	and	diet	similarity	between	
silver	hake	and	two	abundant	resident	species:	redfish	and	Greenland	halibut.	
Although	predation	and	competition	are	significant	influences	on	the	mortality	of	
fish	stocks,	they	are	not	often	considered	when	determining	natural	mortality	
(Kempf	et	al.,	2010).	Poorly	defined	natural	mortality	rates	can	lead	to	inaccuracies	
in	the	assessments	of	stock	sizes.	Understanding	the	influences	of	emergent	species	
is	therefore	important	in	maintaining	accurate	estimates	for	the	management	of	
fisheries.	This	is	especially	true	in	the	case	of	silver	hake,	which	has	been	
hypothesized	to	strongly	influence	herring	and	mackerel	stocks	on	the	Georges	Bank	
through	predation	of	juveniles	(Bowman	et	al.,	1980).	While	I	found	little	direct	
predation	by	silver	hake	on	resident	redfish	and	Greenland	halibut,	their	diets	were	
similar	and	include	major	contributions	from	euphausiids,	capelin,	and	sandlance.	
The	current	abundance	and	influence	of	hake	in	the	Gulf	are	low,	but	there	is	the	
potential	for	rapid	population	growth	in	the	future,	similar	to	what	has	been	
observed	in	southern	Newfoundland	and	resulting	in	interspecific	competition	for	
the	resource	(Rockwood,	2016).	By	understanding	silver	hake’s	interactions	with	
resident	species,	we	can	enhance	our	understanding	of	their	influence	in	the	
ecosystem.		
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At	the	same	time,	I	hypothesized	that	environmental	limitations	posed	by	the	
Cold	Intermediary	Layer	may	be	constraining	the	distribution	and	diet	of	silver	hake	
in	the	Gulf.	Where	silver	hake	in	other	regions	travel	to	inshore	waters	during	the	
late	summer,	hake	still	inhabited	the	deep	channels	in	the	Gulf	during	the	August	
survey	(Helser	and	Alade,	2012).	Influences	of	the	local	landscape	often	dictates	
predator	and	prey	overlap.	For	example,	inter-annual	variability	in	cold-water	
masses	in	the	Bering	Sea	influences	the	strength	of	the	trophic	linkage	between	cod	
and	capelin	(Ciannelli	and	Bailey,	2005).	The	conditions	in	the	Gulf	may	impose	a	
limit	on	the	diet	variability	of	silver	hake	and	force	them	in	competition	with	highly	
abundant	resident	species,	which	may	have	led	to	slower	population	expansion	
compared	to	that	seen	in	southern	Newfoundland	(Rockwood,	2016).	At	the	same	
time,	declines	in	dissolved	oxygen	in	deep	channels	of	the	Gulf	are	projected	to	
reduce	the	density	and	distributions	of	resident	species	such	as	Greenland	halibut	
(Stortini	et	al.,	2016),	and	will	likely	affect	silver	hake	as	well.	While	my	research	did	
not	focus	on	the	influence	of	environmental	conditions	on	silver	hake,	it	is	
interesting	to	see	the	potential	effects	on	diet	and	distribution	of	this	species.	
Environmental	conditions	therefore	constitute	an	important	factor	that	may	work	to	
limit	range	expansions	in	other	species.		
Ages	and	growth	rates	are	often	characterized	for	distinct	fish	stocks	and	
accurate	catch-at-age	results	are	a	central	component	of	fishery	stock	assessments	
(Lai	et	al.,	1996;	Campana,	2001).	In	my	third	chapter,	I	aged	Gulf	silver	hake	using	
otoliths	and	assessed	their	growth	rates	using	von	Bertalanffy	growth	functions.	I	
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identified	that	silver	hake	in	the	Gulf	grow	rapidly,	but	attain	relatively	short	
maximal	lengths	compared	to	Northeast	U.S.	Shelf	stocks.	Such	differences	can	be	
due	to	environmental	conditions,	notably	temperature	and	dissolved	oxygen	in	the	
Gulf,	as	well	as	competition	for	resources	and	even	prey	quality	(Takasuka	and	Aoki,	
2006;	Neuheimer	et	al.,	2011).	In	addition,	resource	requirements	at	different	life	
stages	differ	for	a	species,	and	the	availability	of	these	different	resources	can	vary	
between	regions.	
In	addition,	I	also	assessed	length-weight	relationships	and	compared	these	
relationships	between	years	within	the	Gulf	and	between	the	Gulf	and	Scotian	Shelf.	
Silver	hake	in	the	Gulf	were	found	to	have	a	significantly	greater	allometric	growth	
coefficient	from	that	of	the	Scotian	Shelf,	although	the	magnitude	of	this	difference	
was	similar	to	variability	that	which	is	observed	within	a	single	stock	over	several	
years.	My	research	is	a	first	step	in	attempt	to	quantify	silver	hake’s	growth	and	
condition	in	this	new	region,	and	further	research	can	expand	on	this	by	
investigating	additional	measures	of	individuals’	conditions	such	as	the	
hepatosomatic	index	and	tissue	composition.	Larval	survival	and	growth	could	also	
be	assessed	to	investigate	the	reproduction	of	silver	hake	under	the	influence	of	the	
CIL,	which	could	pose	a	barrier	for	reproduction	in	the	Gulf.		
Currently,	age	determination	for	silver	hake	in	Atlantic	Canada	is	not	
completed	using	otoliths,	but	rather	the	use	of	statistical	methods	based	on	the	
ageing	of	a	small	subset	of	hake	otoliths	(Campana	and	Fowler,	2012).	While	otolith	
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ageing	is	a	time	consuming	process	and	requires	specialized	equipment,	it	can	
provide	more	accurate	interpretations	of	age	and	is	required	for	period	calibration	
of	statistical	methods	(Campana	and	Fowler,	2012).	This	project	establishes	a	
collection	of	aged	silver	hake	otoliths	and	data	at	the	Center	for	Fisheries	Ecosystem	
Research	that	can	be	used	for	future	reference.	Further	research	could	employ	these	
otoliths	to	investigate	origins	of	silver	hake	in	the	Gulf	using	otolith	microchemistry	
methods	and	could	explore	whether	this	trend	is	supported	by	reproduction	within	
the	Gulf	or	by	constant	migration	from	nearby	regions.			
My	research	did	not	set	out	to	predict	future	trends	for	silver	hake	in	the	Gulf,	
however	it	appears	that	the	conditions	faced	by	this	species	at	its	new	range	edge	
may	be	tempering	its	population	expansion.	The	Gulf	is	an	ecosystem	that	is	
undergoing	major	shifts	in	environmental	(Stortini	et	al.,	2016;	Galbraith	et	al.,	
2018)	and	biological	(Bourdages	et	al.,	2018)	conditions.	The	warming	of	the	deep	
layer	of	the	Gulf,	which	is	hypothesized	to	be	the	main	driver	of	the	silver	hake	
expanding	range	into	the	region,	is	a	part	of	the	natural	variability	in	current	
interactions	in	the	Northwest	Atlantic	(Brickman	et	al.,	2018).	The	future	trend	of	
silver	hake’s	abundance	in	the	Gulf	will	likely	depend	on	whether	the	current	
warming	trends	persist.	My	research	has	quantified	silver	hake	biology	at	an	early	
stage	in	their	potential	establishment	in	the	Gulf,	and	provides	results	and	physical	
records	that	can	be	compared	with	in	future	assessments	of	this	species.	Silver	hake	
has	the	potential	to	impact	resident	species	as	well	as	become	an	emerging	fishery,	
and	continued	monitoring	of	this	species	in	the	Gulf	is	necessary.	
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Appendix	A:	Figure	pertaining	to	diet	complexity	of	silver	hake	in	
the	Gulf	of	St.	Lawrence	
	
Figure	A1:	Species	accumulation	curve	generated	from	the	sample	of	90	silver	hake	
stomachs.	Based	on	the	curve,	66	samples	are	required	to	reach	90%	of	the	
asymptotic	value.	
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Appendix	B:	Figures	pertaining	to	the	accuracy	tests	performed	
using	silver	hake	otolith	training	sets	
	
Figure	B1:	Tested	ages	plotted	against	production	ages	(as	aged	by	NEFSC	staff)	for	
the	precision	test	set	using	Q3	commercial	samples.	A	percentage	agreement	of	
82.7%	and	a	coefficient	of	variation	of	3.77%	were	achieved.	
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Figure	B2:	Tested	ages	plotted	against	production	ages	(as	aged	by	NEFSC	staff)	for	
the	precision	test	set	using	Q3	survey	samples.	A	percentage	agreement	of	92.3%	
and	a	coefficient	of	variation	of	1.42%	were	achieved.	
	
	
